Mechanical exfoliation techniques are widely used to create high quality graphene samples for analytical use.
Introduction
Methods of reliably synthesising pristine graphene are scant within academia and industry. [1] [2] [3] Without doubt, producing and processing graphene presents many difficulties, but the lack of theoretical insight into these problems is holding the composite materials field back. Micromechanical cleavage of graphite using sticky tape to prise apart graphene layers was the first method used to produce graphene 4 and is still widely used in academic research and in industrial environments. The adhesive substrate provides a means to directly apply force to individual graphene layers to prise them apart, which is suited to produce very high quality large graphene sheets. 5 It is still the primary way of manipulating graphene sheets for probing its mechanical 6 and electrical 7 properties. However, it is an imprecise method and much effort is expended on trivial tasks like producing graphene as opposed to graphite, locating suitable graphene flakes on the exfoliation tape, removing the substrate material, and cleaning off debris. There is clearly scope for improvement. Other mechanical exfoliation techniques have shown promise as scalable methods for producing graphene. 5, 8 It is commonly understood 2 that mechanical exfoliation is propagated either normal to the graphene plane, known in engineering terms as a mode I fracture and achieved via sonication; 2 or lateral to the plane in a shearing motion, known as mode II fracture and realised in processes such as ball-milling 2 or pressure driven fluid dynamics. 9 To bring them to fruition it is important to improve the primitive understanding we have of the mechanical exfoliation mechanisms. Indeed it is remarkable how little attention has been paid to comprehending this key process. Graphene's desirable properties rely on its uniquely large aspect ratio. 10, 11 Therefore, to gain a good understanding of graphene's behaviour, any theory used to describe it must subsume multiple length scales. Molecular dynamics (MD) can achieve this by retaining atomic precision while simulating hundreds of nanometres over hundreds of nanoseconds. Liquid phase exfoliation of graphene has been studied with MD before 12, 13 but without paying attention to graphene's unusual intermolecular forces. [14] [15] [16] [17] shortcomings. Using this new interaction potential we show here how graphene exfoliates through molecular dynamics simulation. Our paper is organised as follows: in Section 2 a description of the simulations undertaken are presented along with all the computational details; Section 3 discusses the results of the simulations and describes new insight into graphene exfoliation mechanisms; Section 4 provides a Monte Carlo model to describe a graphite stack that is repeatedly exfoliated; finally section 5 concludes.
Computational methods
We simulated the exfoliation of graphene by polymer tapes; see Fig. 1 . A graphite stack, comprising 7 graphene flakes, was compressed under isothermal-isobaric conditions (NPT) between two 4 nm thick polymer layers. This configuration was then pulled apart in the canonical ensemble (NVT) by increasing the box height at a constant speed to exfoliate the graphite. This setup is simple to perform experimentally, but has to our knowledge not been investigated at an atomic scale before.
The polymer 'sticky tape' was modelled using poly-methylmethacrylate (PMMA) and poly-dimethyl-siloxane (PDMS). The precise composition of commercial sticky tape brands is not publicly known but they certainly contain acrylate polymers, which have been used as pressure sensitive adhesives for many decades. PDMS is a common polymer used for graphene transfer. To make the polymer behave like a tape we build it on top of a continuous lattice extending through the xy plane; this represents the hard elastic polymer to which the adhesive polymer is attached. The polymers were built using an in house algorithm. 24 The polymers were built on top of the lattice at a 0.5 relative density because PMMA has bulky side groups and the algorithm needs the extra volume to propagate the polymer chains and form entanglements. Polymers were made of 100 monomer units, which is probably below the molecular weight of commercial sticky tape but is above the entanglement length 25 so that adhesive properties are retained. First, the polymer tape's energy was minimised in LAMMPS, then compressed along the z axis over 200 ps to a density of 1. The simulation box was then increased by 25 Å perpendicular to the tape and allowed to equilibrate at 300 K for 2 ns.
This allowed the polymer to relax after compression and form a naturally undulating surface, giving structures similar to those shown in Fig. 1a .
Two different equilibrated polymer tapes were then rearranged to face each other and a graphite slab placed in between them with 10 Å initial spacing between polymer and graphite. Graphite starting coordinates were built using an in house script. 26 The polymer velocities are retained from the equilibration. The tape walls and PMMA/PDMS were then simulated together for 200 ps using NVT. Next, the sticky tape sections were simulated using NPT and allowed to compress in the z direction; concurrently, the graphite was simulated using NVT-this was done because we found it more stable when introducing the graphite into a system which had already been equilibrated at 300 K. Finally, the whole system was allowed to compress under atmospheric pressure for 500 ps.
Introducing graphene between the two polymer layers sometimes gave rise to unphysical systems. When the box was compressed under NPT conditions the polymer was often found to 'topple' over the graphite stack. We attribute this to the rather unphysical way these simulations are setup: those stacks that toppled over were excluded from the ensembles as they invariably looped across the periodic boundaries. This was done systematically: if two sheets that started off adjacent to each other drifted apart so that there was less than 10 kcal mol À1 dispersion interaction between them the stack was deemed to have toppled over and was discounted.
For the exfoliation simulation step the boxes were then strained in the z direction-perpendicular to the graphite layers-using a constant strain velocity of 10 m s
À1
, well within the speed at which one can pull sticky tape. When the simulation had zero stress in the z direction, over an average of 50 ps, i.e. a break had occurred, it was allowed to run for a further 200 ps before stopping.
A summary of all the simulations performed is given in Table 1 . The first simulations undertaken used graphene 6 nm wide graphene flakes and polymer tapes that were 10 Â 10 Â 4 nm 3 in Table 1 these are labelled 1 and 2, comparing different strain rates. Simulation 2 was used to estimate the variance in the expected exfoliation, discussed below. From simulations 1 and 2 it was concluded that using strain rates of 1 or 10 ms À1 did not have a large effect on the outcome; therefore the following simulations used a strain rate of 10 ms À1 for computational efficiency. To investigate finite size effects in simulation 3 we doubled the lateral dimensions of the polymer tape; and in simulation 4 we doubled the size of the polymer tape and doubled the graphene flake width to 12 nm. Simulations 4 and 5 have the largest flakes and polymer box sizes, and compare poly-methyl-methacrylate with poly-dimethylsiloxane. These two simulations form the basis for most of the discussion in the next section of this paper. The other simulation details are listed in Table 1 for comparison.
Simulations were carried out using LAMMPS. 27 Simulations used periodic boundary conditions; the timestep was 1 fs for equilibrations and 0.5 fs for exfoliation. Coulombic interactions were calculated using a particle-particle/particle-mesh method with a precision of 0.0001 kcal mol À1 Å
; the cut-off for LennardJones interactions was 11 Å; minimizations used a conjugate gradient method with a force tolerance of 10
and energy tolerance of 10 À6 kcal mol
. Canonical (NVT) and isothermal-isobaric (NPT) ensemble simulations used a Nosé-Hoover barostat and thermostat. Graphite and graphene nonbonded interactions were handled using the GraFF forcefield as described by Sinclair et al. 14, 18 All other interactions, in the polymer and polymer-graphene interactions were modelled using the OPLS forcefield. [28] [29] [30] [31] It should be noted that, using a typical forcefield such as OPLS to parameterise these simulations, exfoliation has never previously been reported: the graphite stays attached to one polymer slab, and a gap always opens up between the other polymer layer and the graphite.
Ensemble size
These simulations have chaotic dynamics and are thus extremely sensitive to their initial conditions. 32 For all systems we therefore simulated ensembles to acquire reproducible results. Each replica in the ensemble was built separately: the polymer slabs vary in their spacial arrangement, not just their initial atomic velocities, to ensure a range of configurations.
A large ensemble of 50 replicas was studied to characterise the system's global behaviour (simulation 2 in Table 1 ). Each replica started with unique, uncorrelated atomic positions and velocities; the velocities were drawn from a Maxwell-Boltzmann distribution. The average number of flakes exfoliated and the energy required per atom to cause the exfoliation were used as the characteristic quantities by means of which to quantify a particular replica. A bootstrap with replacement was performed on this sample to quantify the confidence in the results that were derived. 'Resamples' from the original 50 simulations were taken, at random, with replacement, of size N. This was done 100 000 times and the first and second standard errors from the distribution of resultant averages from all resamples gave the confidence intervals shown in Fig. 2 . Table 1 A summary of all the simulations we undertook. The simulations are chaotic (i.e. they exhibit extreme sensitivity to initial conditions), so ensembles are required to understand and compare systems. Simulations 1-4 compare finite size and pulling speed effects. These results are reasonably similar, the same mechanism being observed across all systems. Simulations 4 and 5 use the largest flakes and largest polymer tapes and therefore are the most useful for experimental intuition. ''OPLS + GraFF'' implies that polymer interactions are described by the OPLS forcefield, while graphene and graphite were modelled using GraFF. Simulation 6 compares simulation 4 to one with a more commonly used forcefield; OPLS employed alone is inadequate as no exfoliation is observed Fig. 2 A bootstrap with replacement study on simulation 2 (see Table 1 ) with varying the resample size. Our simulations with larger boxes used around 15 replicas per ensemble. Here, one can see 15 is a reasonable point at which there are diminishing returns concerning the confidence in the average (a) number of layers exfoliated and (b) energy required to exfoliate the stack.
Results and discussion
As mentioned before, mechanical exfoliation usually proceeds by either a normal or shear mechanism (see Fig. 4a ). However, we find that micromechanical cleavage with PMMA exhibits a mixture of the two modes which we refer to as a peeling mechanism (see Fig. 4b ). Graphene exhibits very little friction between adjacent layers 33 and an extremely low bending energy 34 which make it unique amongst laminar materials.
Friction and bending are so easily overcome that when the force is applied in the normal direction the sheets are able to bend and slide in a peeling motion. This mechanism reduces the steep potential energy gradient that purely normal mode exfoliation would otherwise engender.
To study the chemical specificity of this process we also simulated exfoliation using poly-dimethyl-siloxane (PDMS) as the adhesive. PDMS is a popular alternative to commercial sticky-tape adhesives for exfoliating graphene. 35 In our setup PDMS is less viscous than PMMA, allowing for more rearrangement around the graphite during the compression time. Being less viscous, PDMS can also mold around the exfoliating graphite as it starts to peel and shear (see Fig. 4c ). As the stack begins to shear we observe polymer chains attach to several sheets, making them less likely to exfoliate to a single layer. The difference in exfoliation mechanism can be quantified by investigating the dispersion forces between the graphite stack and the two differnt polymer adhesive tapes. In the simulations, PDMS adhesive tape exhibits stronger dispersion interactions with graphite than PMMA. The total interaction energy between an outer 12 nm wide flake of graphene and polymer just before pulling is À77 AE 2 eV for PDMS and À59 AE 6 eV for PMMA. However, the interaction between a layer of polymer and a static, quasi-infinite graphene layer shows the opposite trend; the interaction energy between polymer and graphene is À0.838 AE 0.004 eV nm À2 for PDMS and À0.880 AE 0.008 eV nm À2 for PMMA. This discrepancy is due to the ease with which PDMS rearranges around the graphite stack during the compression stage and increases the amount of polymer in contact with the graphene.
Values for the interaction energy between a graphene flake and an adjacent polymer layer before the simulation starts pulling are the average and standard deviation of simulations 4 and 5, referred to in Table 1 . The interaction between a polymer layer and a quasi-infinite graphene layer that extended through periodic boundaries is taken from 5 different polymer layers equilibrated on a static graphene sheet. The polymer layer was 4 nm thick in a 20 Â 20 Â 6 nm 3 simulation box. The errors are the standard deviation of the distributions obtained. The increased contact with graphite discourages the formation of graphene; instead PDMS favours breaking the graphite in the middle of the stack. From the distribution described in Fig. 3 , the average number of layers exfoliated in the simulations is 0.7 AE 0.3 for PMMA and 2.4 AE 0.8 for PDMS; clearly we are observing two distinct mechanisms (errors are the 95% confidence interval of the average on each distribution in Fig. 3 ).
The biggest difference between the polymers we use is their viscosity. This is a dynamic property, therefore the timescales used could change the exfoliation outcome. Using a shorter dwell time may reduce the amount the polymer can mold to the graphite, promoting graphene exfoliation. In a similar way, using faster shearing speeds could reduce polymer rearrangement around the graphite, again promoting graphene production. In general, higher viscosity polymers should be invoked to promote graphene exfoliation. The use of cross-linked PDMS should further improve its performance. 35 We can now begin to understand the different ways in which graphene can exfoliate. Normal mode fracture is seen on the macroscale, where the friction between large sheets does not allow them to slide past each other; on the nanoscale, shearing is observed with fluid polymers like PDMS; and as the substrate become less fluid a peeling mechanism is seen, which favours synthesis of graphene and relies on low friction between layers. The peeling mechanism we observe with PMMA is desirable because it more reliably produces graphene. The component of peeling will be proportional to the flake's surface area as this mechanism requires low friction between layers. If the sheets . PDMS is more fluid and rearranges to stay in contact with the graphite, encouraging more shear component of the exfoliation. PMMA peels graphene layers from the top of the stack, whereas PDMS shears the layers apart, going some way to explaining the difference in exfoliation seen in Fig. 3. can easily slide past each other, only a small number of sheets will exfoliate with the polymer as fewer sheets have lower bending energy.
Indeed, we know that the bending stiffness of graphite increases exponentially with the number of layers. 36 The peeling mechanism we have identified requires the exfoliating layers to bend; it therefore becomes exponentially harder to 'pick up' more graphene sheets. This reduces the number of cleavages required to reach a single graphene layer. It is widely perceived that the reason graphene readily exfoliates with sticky tape is because the interlayer forces between graphene sheets are far weaker than those of graphene to polymer. This can be satisfactorily explained by the high dispersion forces found in materials like PMMA which do indeed contribute more non-bonded energy per unit-area than graphene. However, a more nuanced understanding is needed to explain why graphite is so stubborn in resisting solution phase exfoliation in similar polymers and solvents since, by similar arguments, exfoliation should be thermodynamically favoured. In a liquid phase it may not be possible to generate the necessary shear forces to slide large adjacent sheets past each other, and the entropic penalties associated with exposing the solvent to more surface may be too high. Of course, exfoliation of other laminar materials in polymer is often observed, 37 so a complete understanding still does not exist.
The systems simulated here have been designed to investigate the original experiment by which graphene was first discovered by Giem et al. 4 Using MD gives us atomistic insight into the system but is limited in the time and length scales that can be measured. We simulate in vacuum graphene flakes that are 12 nm in diameter, at the lower end of what is found experimentally. These nano-flakes are still of interest, for example when demonstrating superlubricity of graphene. 33 Simulating sheets that are orders of magnitude larger would require novel multiscale modelling methods. 24 Moreover, real graphene particles are not so regularly shaped, and these aspects will affect the behaviour.
Monte Carlo model
Using a mathematical model we can extrapolate our results to show how the mechanism of exfoliation affects the experimental outcome of repeatedly exfoliating a graphite stack. Starting with a graphite stack of N layers, (assuming graphite flakes are on the order of 100 mm in size, N is then approximately 30 000); by repeatedly exfoliating from the top, we want to know what is left behind. If exfoliation of graphite caused the stack to fracture in the middle, it would take c = Jlog 2 (N)n cuts to guarantee production of graphene (upper square brackets denote the ceiling function, rounding the number of breaks up to the nearest integer larger than the bracketed value). However, it is reasonable to assume that where the graphite breaks is a more stochastic process. Next, we assume that when the graphite stack is cut the break is equally likely to occur between any two graphene layers. We treat the problem as a Markov process: there are N possible states, one corresponding to every possible number of graphene layers in the stack. State 1 (graphene) is the absorbing state (also called the terminating state), all other states are transient. We therefore have n transient states, n = N À 1. The probability at each iteration to transition from state i to j is:
We construct a matrix, B, which groups the transition probabillities among transient states. b is the n-dimensional column vector grouping the probabilities from any state to the absorbing one. Explicitly:
B represents the transition probabilities for all transient states (i.e. states 2 to N). The initial state of the system is a stack of N sheets, i.e. the system has 100% chance of being in state N, the initial distribution can be described by a = [0,. . .,0,1], a vector of length n.
Let t be the number of cuts till graphene is created (absorption into state 1). The PDF is then:
This provides a distribution describing the expected number of exfoliations from a graphite stack to produce graphene; see Fig. 5 . Our assumption was that the stack is equally likely to break between any two sheets; using our simulation results we theorise graphite stack is more likely to break near the outer sheets using certain polymers. This model can account for such a scenario by modifying eqn (1), for example:
where p(k,t,a) is the symmetric beta-binomial distribution, a distribution with discrete finite support that favours the lowest and highest values; t is the number of trails (number of possible states after exfoliation), k the new state, and a is the shape parameter 0 o a o 1. A more intuitive understanding of the processes involved can perhaps be better achieved by treating the problem as a continuous one. Considering that our graphite stack has height h, after c cuts it will have height h c . If by exfoliating from the stack it is equally likely to break anywhere along its height, we have:
where X i is a uniformly distributed random variable. The PDF of
X i is given by:
N.B. log a x (log x) a . For a proof of the above see Dettmann et al.
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If h g is the height of a single graphene sheet, this continuous approximation is valid whilst h c h g . We can find the chance that graphene has been produced after c cuts by finding the probability h c r h g . The probabilities Pr(0 o h c r h g ) and Pr(0 o f X (x) r h g /h 0 ) are equivalent; the following integral 39 will therefore give us the probability of graphene being produced from a graphite stack after c exfoliations:
Integrating log n x from 0 is made possible by substituting u = e x ; after the substitution, integrating by parts easily arrives at eqn (11) . Solutions to the above for h 0 = 100 mm, h g = 3.35 Å are shown in Fig. 5 .
The above describes repeated exfoliation from a single graphite stack. So far we have considered only cleaving sequentially from one stack; it is straightforward experimentally to exfoliate in a parallel fashion by shifting the sticky tape at each iteration. By this method one can repeatedly cleave every stack that is created. We find the probability of obtaining graphene by this method by considering the probability a single stack is not graphene: H(c) = 1 À G(c). Cleaving in a parallel fashion there will be a maximum of 2 c stacks, each of which could be graphene; so the probability that graphene exists after c cleavages is:
Fig. 5 demonstrates how the way in which one exfoliates graphite can have a large impact on the effort required to synthesise graphene. Using the peeling mechanism which promotes exfoliation of smaller stacks can drastically reduce the number of cleavages required. The expected number of exfoliations to produce graphene from a 100 mm graphite stack is 11 for methods that break the stack anywhere but could be as low as 4 if the peeling mechanism is employed.
Conclusions
In this study we have, for the first time, provided atomistic insight into the mechanisms of mechanical exfoliation of graphene. To observe this phenomenon, careful consideration must be given to the graphene intermolecular interactions as standard forcefields are not able to simulate the behaviour with sufficient accuracy; here we have used the recently developed forcefield GraFF. 14, 18 We also present a transferable mathematical model for describing different modes of graphene exfoliation. Graphene's low bending energy and low friction between sheets allows graphite to shear even when the force is applied normal to the graphene plane, facilitating the production of graphene via a peeling mechanism. To promote graphene production, experimentalists should use rigid or viscous substrates. Mechanical exfoliation is a strong candidate for large scale production of graphene; however, understanding the fundamental mechanisms behind it is essential if reliable large scale manufacturing methods are to be found.
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